Introduction: Veterinarians use flumequine (FLU) widely but its toxicological effects are still unclear. Material and Methods: FLU doses of 53, 200, or 750 mg/kg were administered orally for six weeks to pubertal male rats for evaluation of their toxicity. Results: Weight gain was poorer after seven days of exposure to FLU 750, but relative weights of the brain, adrenal and thyroid glands, and testes were notably higher. Haematological and lipid profile parameters, cardiac markers, and inorganic phosphate significantly increased in the FLU 750 group. Blood glucose, oestradiol and serum concentrations of immunoglobulins G (IgG) and E (IgE) significantly decreased after treatment. The levels of interleukins 10 (IL-10) and 6 (IL-6) fell significantly in the FLU 200 and FLU 750 groups. Cytochrome P450, family 1, subfamily A, polypeptide 1 (CYP1A1) and cyclooxygenase-2 (Cox-2) expression amplified after treatment. Serum levels of free triiodothyronine (fT3) and free thyroxine (fT4) reduced in the FLU 200 and FLU 750 groups without changes in total T3 or T4 level. All doses of FLU significantly depressed concentrations of thyroid-stimulating hormone (TSH) and testosterone. Histopathology of thyroid glands from rats treated with FLU 750 showed degeneration and depletion of thyroid follicular epithelial cells. Expression of 8-hydroxydeoxyguanosine (8-OHdG) was increased in a dose-dependent manner in the brain, but decreased in the testes. Expression of CYP1A1 increased in the adrenal and pituitary glands. Conclusion: The results of this study suggest that the toxicity of FLU in rats is an effect of its disruptive influence on the pituitary-thyroid hormonal system and on the dysfunction of the immune system.
Introduction
Flumequine (FLU) is a first-generation quinolone antibacterial agent which has been used in veterinary medicine against a wide range of Gram-negative bacterial infections (1) . Flumequine is used in humans at a dose of 1,200 mg/day divided into three doses. In a pharmacovigilance study carried out from 1984 to 1993, the following incidences of side effects were reported: allergy and digestive, neurological, and neuro-sensorial effects (19) . On the other hand, FLU showed positive immunological effects by enhancing proliferation of lymphoid cells, especially surface immunoglobulin negative cells in eels (20) . FLU accelerated the glutamic-pyruvate transaminase (GPT) and Spi(-) mutant frequencies induced by 2-amino-3,8-dimethylimidazo(4,5-f) quinoxaline (MeIQx) in the mouse liver by increasing cytochrome P450 1a2 (CYP1A2) mRNA levels and decreasing UDP glucuronosyltransferase 1 family, polypeptide B1 (UGT1B1) mRNA levels (13) .
However, there are controversial reports regarding the carcinogenicity of FLU since no carcinogenic effects were observed in rats, but liver tumours were observed in CD-1 mice after oral exposure for 18 months (21) . Acute oral and parenteral toxicity studies in various animal species including mice, rats, rabbits, and dogs showed that FLU has low toxicity. Lethal dose 50% (LD50) values exceed 1 g/kg body weight. Subacute toxicity tests involving repeated administration over two to three weeks confirm this low toxicity (19) . The Food and Agriculture Organization of the United Nations (FAO), World Health Organization (WHO), and Joint Expert Committee on Food Additives (JECFA) concluded that FLU is a non-genotoxic hepatocarcinogen (11) .
Although some articles have been published describing the toxicological effects of FLU on different animals, they are not sufficient to build a clear-cut toxicological profile of FLU. Moreover, no toxicity study of FLU on the hormonal system has been reported yet. Thus, in the current study we intended to evaluate the toxicological effects of FLU on the endocrine system in rats together with the effect on the immunological system.
Material and Methods
Animals. Pubertal male Wistar rats (aged 21 days) were purchased from Charles River (Atsugi, Japan). A commercial diet (σ-irradiated, Purina Laboratory Mouse Chow, Republic of Korea) and tap water were provided ad libitum. The animal room was maintained at a temperature of 24 ±2ºC with a relative humidity of 50 ±20%, and a 12 h light/dark cycle. The rats were divided into four groups with seven animals per group (2-3 rats/30 cm × 60 cm × 30 cm cage). Allocation to groups was by body weight randomisation to ensure equal weight distribution among the groups. All animals were handled according to the Code of Laboratory Animal Welfare and Ethics of the Animal and Plant Quarantine Agency, Republic of Korea.
Chemicals and treatment. The animal experimental protocol, dosage design, and study time were established with due consideration of the protocol in OECD guidelines (15) . FLU (Sigma-Aldrich, Republic of Korea) was dissolved in corn oil, and administered orally daily at 53, 200, and 750 mg/kg b.w. (FLU 53, FLU 200, and FLU 750 groups) for six weeks. Pure corn oil was given to the control group. Body weight and feed and water consumption were measured daily. Approximately 24 h after the last treatment, blood samples were collected from the jugular vein without anaesthesia, according to the protocol of Cho et al. (4) . The animals were then euthanised by cervical dislocation, and the brain, thymus, thyroid and adrenal glands, lungs, liver, kidneys, testes, epididymis, and prostate glands were collected. Serum and tissue samples were stored at −80°C until analysis. Haematological and serum biochemical parameters were measured with a Hemavet 950 haematology system (Drew Scientific, USA) and an Olympus AU400 auto analyser (Olympus, USA), respectively. Determination of hormones, immunoglobulins, and cytokines. Total thyroxine (tT4), free thyroxine (fT4), total triiodothyronine (tT3), free triiodothyronine (fT3), oestradiol, and testosterone were determined using commercially available DELFIA kits (PerkinElmer, USA) according to the manufacturer's instructions. Luteinising hormone (LH), thyroidstimulating hormone (TSH), and follicle-stimulating hormone (FSH) were measured by radioimmunoassay (RIA) using Amersham RIA kits (GE healthcare, UK) according to the manufacturer's protocols. Hormone concentrations were measured using a Packard D5005 Cobra II automatic gamma counter (Packard Bioscience, now part of PerkinElmer, USA) according to the manufacturer's instructions.
The levels of immunoglobulin A (IgA), G (IgG), M (IgM), and E (IgE) were measured with ELISA kits (Bethyl Laboratories, USA) according to the supplier's instructions. Absorbance was measured at 450 nm using a SpectraMax plus microplate reader (Molecular Devices, USA). Serum concentrations of interleukin-10 (IL-10), interleukin-6 (IL-6), tumour necrosis factor-α (TNFα), interferon-γ (IFN-γ), granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin-1β (IL-1β), and interleukin-2 (IL-2) were determined with a Bio-plex rat cytokine-9-plex A panel (Bio-Rad, USA).
Preputial separation and sperm analysis. Preputial separation times were monitored daily from the start of treatment with FLU. The right and left cauda epididymides were used for sperm count and motility. Both motility and sperm count were measured by computer aided sperm analysis imaging system (SAIS 351 software v. 10.1, Medical Supply Company, Republic of Korea) after sample preparation according to Jeong et al. (10) .
Histopathological examination. Histopathological studies were performed according to Groelz et al. (8) . The collected organs were fixed in a 10% neutral buffered formalin. Paraffin sections were cut to 2 μm preparations stained with Ehrlich's haematoxylin and eosin and examined under light microscope.
Tissue microarray-immunohistochemistry assay. A tissue block containing six different tissues representing six organs (liver, brain, spleen, adrenal glands, pituitary gland, and testes) from all rats was made using a Chemicon ATA-100 tissue arrayer (Chemicon, USA). The expression of 8-hydroxydeoxyguanosine (8-OHdG), cytochrome P450, family 1, subfamily A, polypeptide 1 (CYP1A1), IL-1β, and cyclooxygenase-2 (Cox-2) was examined immunohistochemically according to the manufacturer's instructions. Briefly, an indirect avidin-biotin complex (ABC) immuno-peroxidase assay was performed using a commercially available Dako ABC kit (Dako, USA). Sections were incubated with non-immune rabbit serum at 1:100 dilution in Tris-buffered saline (pH 7.6) for 30 min, and after washing with Tris-buffered saline, incubated with each primary antibody. To block endogenous peroxidase activity, the sections were subsequently incubated with 3% hydrogen peroxide in methanol for 30 min. Following incubation with biotinylated rabbit anti-mouse antibody for 1 h, the immunoenzymatic reaction was developed using 3,3′-diaminobenzidine as the chromogenic substrate. After extensive washing, nuclear counterstaining was achieved using Mayer's haematoxylin. The immunohistochemical expressions of each protein were analysed with the iSolution DT image analysis programme (IMT i-Solution, USA).
Statistical analysis. The results are represented as the mean ±standard deviation from seven individual determinations. Statistical significance was determined using Statistica version 5.5 (Statsoft, USA). One-way analysis of variance was performed with post hoc comparisons between the vehicle control group and each treatment group by Duncan's multiple comparison tests.
Results
Body and organ weights. Weight gain after seven days' treatment with 750 mg/kg of FLU was significantly weaker compared with control rats and remained lower throughout the treatment period ( Fig. 1 ). Relative weights of the brain, thyroid, adrenal glands, and testes were significantly (P < 0.01, P < 0.05) greater in the FLU 750 group (Fig. 2) . The relative weights of the thyroid glands in the FLU 200 and FLU 750 groups significantly (P < 0.01, P < 0.05, Haematology and serum biochemistry. The white blood cell (WBC) and monocyte (MO) counts, corpuscular haemoglobin (CH), and mean corpuscular haemoglobin (MCH) significantly (P < 0.05 or P < 0.01) increased in the FLU 750 group compared to corresponding values in the controls (Table 1) . Serum activities of creatine kinase (CK) and lactate dehydrogenase (LDH) significantly (P < 0.05) intensified and blood glucose concentration significantly diminished (P < 0.01) in the FLU 750 group compared to the corresponding levels in the control group (Table 2) . RBC -red blood cell; HGB -haemoglobin; HCT -haematocrit; MCV -mean corpuscular volume; MCH -mean corpuscular haemoglobin; MCHC -mean corpuscular haemoglobin concentration; CHCM -cellular haemoglobin concentration mean; CHcorpuscular haemoglobin; RDW -red cell distribution width; HDW -haemoglobin distribution width; PLT -platelet count; MPV -mean platelet volume; WBC -white blood cell; NE -neutrophil; LY -lymphocyte count; MO -monocyte count; EO -eosinophil count; BAbasophil count; LUC -large unstained cells. Values are mean ± SD of seven rats in each group. * P < 0.05; ** P < 0.01 ALT -alanine aminotransferase; AST -aspartate aminotransferase; ALP -alkaline phosphatase; LDH -lactate dehydrogenase; CKcreatine kinase; Alb -albumin; BUN -blood urea nitrogen; Glu -glucose; TG -triglycerides; Ca -calcium. Values are mean ±SD of seven rats in each group. * P < 0.05; ** P < 0.01 FLU decreased total serum bilirubin in a dosedependent manner. Administration of 750 mg/kg of FLU significantly raised the levels of inorganic phosphate, total cholesterol (TC), low density lipoprotein (LDL), and high density lipoprotein (HDL) compared to the corresponding levels in the controls (Fig. 3) .
Preputial time and sperm parameters. The sperm motility parameters, sperm counts and the preputial time did not show any significant differences between control and FLU-treated rats (Table 3) .
Immunoglobulin and blood cytokines. IgG and IgE were significantly (P < 0.05) less concentrated in serum after treatment with FLU 750 compared to controls (Fig. 4) . IL-10, IL-6, TNF-α, and IFN-γ were at significantly (P < 0.05) lower levels in the FLU 200 and 750 groups. The levels of IL-2, GM-CSF and IL-1β did not change with any statistical significance (Fig. 5) . , and 750 mg/kg for six weeks TSH -thyroid stimulating hormone; FSH -follicle stimulating hormone; LH -luteinising hormone; fT4 -free T4; fT3 -free T3; tT4 -total thyroxine; tT3 -total triiodothyronine. Values are mean ±SD for seven rats in each group * P < 0.05; ** P < 0.01
Con
Serum hormone levels. The serum levels of fT3 and fT4 were significantly decreased by the treatment with FLU 200 or 750 mg/kg compared to the control group, without changes in total T3 and T4 levels. The levels of thyroid stimulating hormone (TSH) and testosterone were significantly (P < 0.05) decreased after all doses of FLU, and the level of oestradiol was significantly decreased (P < 0.05) after treatment with FLU 750 only. Serum FSH and LH were not affected by the treatment with FLU (Fig. 6) .
Histopathological changes and expression of toxicity-related protein markers. The thyroid glands of rats treated with FLU 750 showed degeneration and depletion of thyroid follicular epithelial cells compared to the thyroid glands in the control (Fig. 7) . Other organs (brain, thymus, lungs, liver, kidneys, adrenal glands, testes, epididymis, and prostate glands) were found to be within normal limits. Expression of 8-OHdG was significantly increased (P < 0.01) in a dose-dependent manner in the brain, but was Oestadiol decreased in the testes after the 750 mg/kg dose. In the liver, expression of 8-OHdG was found to be increased, but the change was not statistically significant. CYP1A1 expression increased in the adrenal and pituitary glands. Cox-2 expression increased in the spleen and brain after treatment with FLU. IL-1β expression increased in the spleen but decreased in the brain after FLU treatment (Fig. 8) . 
Discussion
The Joint FAO/WHO Expert Committee on Food Additives (JECFA) classified FLU as a non-genotoxic carcinogen since it induced hepatic tumours in mice after chronic oral administration, but was negative in mutation tests (Ames test, the hypoxanthine phosphoribosyl transferase test, and gene mutation and chromosomal aberration assays) (11) . Few studies have been conducted to assess the toxicity of FLU in pubertal male rats after long-term exposure. In the present study, FLU was administered to four-week-old male rats for six weeks. Increased absolute or relative kidney weight can be used as a sensitive indicator of kidney toxicity (14) . If body weight is reduced in a toxicity study, changes in the relative organ weights (organ weight/body weight ratio) are the more appropriate measure of pathophysiological response (18) . The present study showed that the adrenal glands, brain, thyroid glands, and testes are the major target organs for FLU toxicity based on changes in relative organ weights. FLU showed no effect on liver weight, which was the suspected major target organ in mice. Histopathological observation also showed degeneration and depletion of follicular epithelial cells in the thyroid. Although absolute weights of epididymis, thymus, and prostate glands fell, these effects were likely due to the fall in body weight. These findings showed that the thyroid glands were the most sensitive organ to FLU toxicity because the relative weight rose after the two highest doses of FLU (200 and 750 mg/kg) and occurrence of histopathological changes.
The haematological results in the present study showed that the WBC, MCH, MO, and CH increased after FLU treatment in a dose of 750 mg/kg. A WBC count can be higher due to inflammation and immune stimulation. Monocyte proliferation is triggered to destroy non-sensitised target cells by immune complexes through activation of nonspecific cytotoxic mechanisms (7, 9) . The present study indicated that a high dose of FLU may effect damage at tissue or cellular level which is followed by an increase in the number of nonspecific immune cells like monocytes. The high dose of FLU also augmented CK and LDH activity, which may have been induced by the tissue or cell damage. Although FLU 200 did not increase CK and LDH activity in this study, it may produce damage at the tissue or cellular level.
Cholesterol levels have been found to be inversely related to the level of thyroid hormone in blood (2) . Increased thyroid function lowered blood cholesterol levels (16) . In the present study, the relative thyroid gland weight was increased by FLU 200 and 750 as there co-occurred a reduction of free thyroid hormones and increase in blood cholesterol. Our study supports the inverse relationship between cholesterol levels and thyroid hormone levels in blood. In the present study, the relative weight of testes increased and the serum level of testosterone decreased. It has been reported that the inhibition of androgen pathways in the testes could result from the increase in adrenal gland weight due to compensatory activation (12) . An increase in testis weight might be a compensatory mechanism due to the decrease in serum testosterone caused by FLU treatment. In the present study, FLU affected the endocrine system in male Wistar rats as is evident by the decreased pituitary-thyroid axis hormones fT3, fT4, and TSH. Sperm motility and preputial separation time showed no differences between control and treatment groups, but oestradiol and testosterone decreased in rats treated with FLU. It has been reported that an inducer of CYP1A1 may bind to androgen receptors and act as an anti-androgen, which would decrease thyroxine and TSH levels (17) . In this study, we showed that CYP1A1 expression was increased in the adrenal glands, which are also a source of androgens. FLU treatment produced degeneration and depletion of follicular epithelial cells of the thyroid thus decreasing fT3 and fT4 in blood. These findings also support that the thyroid gland could be a major target tissue for FLU toxicity as shown by the pathological lesions. These data suggest that FLU might be an endocrine disruptor in the androgen and thyroid systems. Additional studies are required to elucidate the exact endocrine disruptive mechanism of FLU in male rats.
The expression of 8-OHdG was chosen as a marker for oxidative damage and stress, that of CYP1A1 was adopted as a marker of cell proliferation, COX-2 as a marker of inflammation, and IL-1β as a marker of immune function. FLU treatment induced the expression of 8-OHdG in the liver of CD-1 mice after oral administration for 18 months in a previous study (21) . The effect of FLU in the expression of 8-OHdG may be related to the carcinogenesis in the liver. It was found in the present study that the expression of 8-OHdG intensified in brain tissue and it showed a tendency to increase in the liver. This difference in expression of 8-OHdG in the liver between CD-1 mice and Wistar rats might be due to the difference in species and the length of exposure to FLU. Our data also suggest that FLU may cause oxidative damage in brain tissue. CYP1A1 is an enzyme involved in phase 1 of xenobiotic and drug metabolism. The sustained induction of this enzyme may be related to the carcinogenic effect of polyaromatic hydrocarbon compounds (6) . In the present study, adrenal and pituitary glands were target tissues that showed increased expression of CYP1A1. In the adrenal glands, the increase in expression was observed at those same doses of FLU (200 and 750 mg/kg) which increased organ weight. There was no difference in expression of CYP1A1 in the liver after FLU administration. Our experiment data suggest that adrenal glands may also be a target of FLU toxicity as evident by increased organ weight and expression of CYP1A1 in the adrenals.
COX-2 plays a prominent role in inflammation. COX-2 derived prostaglandins upregulated the expression of COX-2 and IL-6 at inflammatory sites (3) . The inhibition of COX-2 down-regulated the expressions of IL-6, IFN-γ, IL-1β, and TNF-α (5). IL-10 acts as an enhancer for the cytolytic activity of T cells and proliferation of B cells. IL-6 increases immunoglobulin secretion from B cells and synergises with IL-4 to increase secretion of IgE. TNF-α induces the secretion of inflammatory cytokines and IFN-γ activates macrophages. The spleen is an indispensable immune organ involved in humoral immunity and produces cytokines and antibodies. In the present study, the expressions of COX-2 and IL-1β rose in the spleen after FLU treatment, but levels of cytokines and blood IgG and IgE fell at the same time. The serum levels of IL-10, IL-6, TNF-α, and IFN-γ were reduced along with the reduction of IgG and IgE.
In conclusion, the toxic effects of FLU in rats are tightly linked with the toxicity on thyroid and pituitary hormonal systems. Oxidative stress as well as the dysfunction of the immune system may also contribute to the total toxic effects of FLU.
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